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SUMMARY

Stochastic methods are used to calculate the radiation transport
and energy deposition of neutrons and gamma rays in liquid hydrogen
slabs and cylinders. The sources are treated as mono-energetic and
either point isotropic for the cylinder or plane parallel rays for the
slabs. A description of the methods used and a rather extensive compi-
lation of results are given. The results include heat rate deposition
as a function of depth, albedo factors, slow neutron spatial distributions,
and transmitted angular distributions of gamma rays.

INTRODUCTION

One of the most pressing problems in the development of nuclear
powered rockets is the accurate determination of the nuclear radiation
heating in the rocket fuel and of the radiation transmitted to the
payload region. Since liquid hydrogen is a likely fuel for propuldion,
the accurate calculation of radiation heat deposition and radiation
transfer in liquid hydrogen is mandatory. At the present stage of
development, it is desirable to base calculations on simple geometries
and discrete energies which are adaptable to future configurations and
energy spectra. The calculations in this report are intended to fulfil
this need.

The present calculations utilize Monte Carlo techniques and are for
plane slab geometries and right circular cylinders with flat ends. The
source (either neutrons or gamma rays) is always mono-energetic. The
source for the cylinder is point isotropic and on the axis of the
cylinder, while the slab source is plane parallel rays incident at any
specified angle. The calculation provides statistical estimates of the
transmitted and reflected number current, flux, and energy as well as



the heat deposition rate as a function of depth in the hydrogen. The
angular and energy distributions of the gamma ray transmissions are also
calculated,

The neutron histories are terminated when their energy is reduced
below 1 ev. The location of these terminations is tabulated and averaged
over a volume element, thus giving the spatial distribution of the slow
neutrons. The average energy of these neutrons is 0.5 ev. This volume
distribution of slow neutrons may be representative of the source distri-
bution for the 2.23 Mev gamma rays produced by the hydrogen capture of
a neutron. However, the para-hydrogen scattering cross section will
decrease below 0.1 ev [1] and this may result in considerable migration
of the neutrons. There is no obvious reason to assume that the para-
hydrogen absorption cross section will be different than for ortho-
hydrogen. A practical justification for using the 0.5 ev neutron spatial
distribtuion as capture gamma sources is that the mean free path of
2,23-Mev gammas in liquid hydrogen 1is about 68 inches, and an error as
great as 2 inches in the capture gamma source position corresponds to
an error of only 37 in one mean free path,

Neutrons lose a large fraction of their energy in a few collisions
with protons and scatter only into the forward hemisphere. The neutron
energy deposition in a cylinder of liquid hydrogen is a large fraction
of the total neutron energy incident on the cylinder. This is expected
since the mean free path of a 2-Mev neutron, in liquid hydrogen
"o = .07 gm/cm3), is about 3.2 inches. Since the neutrons scatter only
into the forward hemisphere, and because the energy is reduced considerably
after a few collisions (on the order of one-half at each scatter), the
neutron energy which escapes the cylinder by reflection or transmission
is a very small fraction of the incident energy. This is substantiated
in the calculations presented in this report. The foregoing is not
true of the gamma rays which have a mean free path about 20 times that
of neutrons in hydrogen. Compton scattering is the only mechanism for
energy deposition in the gamma ray energy range of interest. In hydrogen,
photoelectric absorption is of no consequence until the gamma's energy
is below 1072 Mev and pair production is negligible below 20 Mev.

Because of the low Compton energy absorption cross section below 0.1 Mev,
the photon must scatter a very large number of times in order to degrade
the energy to 0,01 Mev, From the foregoing, it is expected that an ap~-
preciable fraction of the incident gamma ray energy will escape a
hydrogen cylinder of feasible dimensions. For example, the energy
deposition in a 30-foot diameter hydrogen cylinder of 50-foot length

was calculated for a point isotropic source of 2-Mev neutrons and

gamma rays on the center line 20 feet from the cylinder. In this case,
97% of the incident neutron energy and 65% of the incident gamma ray
energy were transferred to the liquid hydrogen. Thus, 35% of the gamma
ray energy and only 37 of the neutron energy escaped the cylinder. The
fraction of the gamma energy transmitted to the far end of the cylinder
was negligible; hence, most of the escaping gamma energy was transmitted
through the sides or reflected to the rear.



SECTION I. PLANE GEOMETRY METHODS

A. PLANE GEOMETRY MONTE CARLO METHODS

This section presents the method used to calculate the transport
and energy deposition of neutrons or photons in hydrogen slabs of infinite
expanse, but finite thickness, Figure 1 depicts the geometry of the
calculation.

The radiation is assumed to have a number current density of
1 particle/em® -sec, which is incident as a plane parallel beam at
energy E0 and angle eo to the slab normal. Thus, if Jo is used to
indicate the incident number current density, then the incident number
flux is given by

F =J sec 6 ..
o e} o

Likewise, the incident energy current and energy flux are simply

= E
JEo oJo

and
= EF .,
FEo 00
First, the uncollided component of transmitted radiation is
calculated, as follows:

= Yy
Uy = J exp ( (EO)ZTsec Gb),
where ZT = total thickness of slab.

Also, for the unscattered flux and energy,

U.=U_ sec 6,
o]

F--J

Usg = E Vg
and

Upg = E Vg

The distance to the first point of scatter is sampled from the
probability density function

Z*(Eo)exp[ Tk (Eo)r]dr
1 - Po

f%(r)dr =

0<rg ZT sec ©



T

z

(/[ /4

777777 7T TV T 77777
VL LLLLL LS LN L

LI/ AL ]

V[ /[ LLLL L]

YLLLLLLLLS S LY L]
RLLLLLLLLLL LA

SCATTER

SLAB GEOMETRY AND SCATTERING ANGLE RELATIONSHIPS

FIGURE 1.



where r Z sec 60 s

exp EZ*(EO)ZT sec 9; .

The *(E) = (1 - M cos 8 ) Z (E), where Z(E ) is the macroscopic
cross seltion. TheoMo (usaally tSken as 0.9) fs a biasing parameter
between 0 and 1 which is used to increase the first path length; if
My = O there is no biasing. Also, the probability density function,
f* (r) dr, produces a truncated path length (i.e., the particle stays
within the slab boundaries).

and Po

Because of the above biasing, a weight must be given to the
particle. The weight of the particle at the first collision point is

1-P
W o= 2 -
1 (1 -M coss) i [:?(Eo) £ M cos eq:} ,

where r; is the length of the first path. The value of r; is found
by solving the following equation:

Ty
/;*(r)dr -,
0

where ¢ is a pseudo-random number generated in the computer 2 ;
O<t<l. From this equation,

= -1 - -
T o 1n [1 (1 Po)_EJ .

If ¢ is replaced by (2k-1/2N) where k refers to the kth history and
N is the total sample size, the values of r, are systematically taken
from the density function f*(r). This procedure eliminates statistical
fluctuation on the first path length. On higher order scatters, the
particle is allowed to escape the slab and no biasing is used. The
probability density function of path lengths then becomes:

£(r)dr = S(B1) exp [-EZ(ET] ,

and 1

T o = =———

i o (In €).

For very deep penetrations (ZoZ1>10m.f.p.), it may be necessary to
incorporate the same biasing as used on the first scatter in order to
obtain sufficient statistics to accurately estimate the transmission,.
However, for reliable energy deposition estimates in the hydrogen,
such biasing is not desired.



After each collision, the scattered direction of the particle is
found, as follows:

Neutrons: Scattering is assumed to be isotropic in the center of mass
coordinate system. This assumption is valid in the range 10 ® <E< 14 Mev.
Let o = cos &, and yj = cos 6 represent the cosines of the scattering
angle in the center of mass and the laboratory system, respectively.

Then it follows from the scattering mechanics of neutron-proton collisions
that

1+ Mo
Hy =72

Now the probability density function for isotropic scattering can be
written:

1
fledd pe = == dpg -k, <1

Making a change in variables to the laboratory system,
be = 2 p® - 1y d pe = dupdyy, .
Therefore,

glup) duy = 2 py, dup, 0 <yt

becomes the probability density function for scattering in the laboratory
system. One obvious method of sampling from this density function is to
solve the following equation for pug:

HL

/ 2y duy = &,

o}

where ¢ 1s a random number between 0 and 1. The solution yields

Hy, =T/§ .

However, a rejection sampling technique leads to the following method:
Choose two random numbers £, and 52, then

cos 8y = pup = Max [ﬁl, E;] H

or simply select pj, to be the larger of the two random numbers, &,
and &_ .
2



Gamma Rays: 1In order to choose a direction for the scattered photon,
recourse is made to rejection sampling from the Klein-Nishina differential
scattering formula,

a, (1 -2
flu, o) = l & L 1+ u2+ [i ry ] },

b= = A2
r, dQ 2A

where u = cos 64 gives the angle the scattered photon makes with the
incident direction; ry is the classical electron radius; Qi = Ei/0.511
is the energy of the photon in Moc? units; and A =1+ oz (1 -u). The
rejection sampling is accomplished by choosing two random numbers, ¢
and §,, and conditionally assuming p = 1 - 2¢,. A test is then made

to determine if the above value of u is acceptable. If £ (u,0)> &,
the above value of p is used; otherwise, two other random numbers are
chosen and the process repeated until a j is selected.

The azimuthal angle of scattering, ¥ , is considered to be
random from O to 27 fer both neutrons and photons. A proper choice of
¥ would be ¢ = 2n¢, where O<t<l. However, in terms of computing
efficiency, the following rejection technique is commonly used. Two
random numbers £, and 52 are chosen in the range (0, 1) and then

a=1- zgl,
b=1-2¢_,
and 2
c = a2 + ba.

If ¢ <1, then the choice becomes

a2- b2
cosy = =
and 2ab
siny = — .
c

If ¢ > 1, two other random numbers are chosen and the routine repeated
until ¢ <1 .

Having found the cosine of the polar angle, u , and the azimuthal
angle, | , for the scattered direction of the particle, it is necessary
to determine the cosine of the angle the particle has with the Z-axis.
Thus,

cos @, , = cos 8y + sin 6 ~1 -u2 cos v,



where sin & ='V€~- cos ., @ corresponds to u, for neutrons and
i=0, 1, 2,... represents the sequence of scattering. When a
detailed description of the particle's direction is needed, the
following terms are found (Fig. 1):

2 p

g - cos ei cos 81+1
cos A¢ = sin A, sin 8,
i i+t
. = sin ¢ V1 - 42
sin o4 L=t
i+

1

Then cos ¢j+ cos ¢j " cos &g - sin ¢j sin Ag and

1
sin ¢

j41 = Sin ¢j . cos O + cos ¢1 sin &4

where the angle gj refers to the spherical coordinate measured from

the X-axis in the XY-plane. Thus, the coordinates (8j, ¢j) give the
spherical coordinates of the direction vector of the particle and tie

it to a fixed coordinate system, the Z-axis and the X-axis. 1In slab
geometry of infinite expanse, the angle g is not necessary to describe

the location of the particle and is found only if an angular distribution?
of the transmitted particles is needed in the spherical coordinates (9,g).

After each scatter the progﬁbility of the pérg%cle escaping the
slab is found. Thus, for the i~ scatter of the k= history

Pik = exp [;Z(Ei)t{j ,

where t; = (Zp - Zj) sec 84, if 0 <65 < 90° (a transmission), and

ti = Zi |sec 81| , if 84 > 90° (a reflection). From this quantity
(Pik), the scattered transmitted and reflected current, flux, gnergy
current, ﬁnd energy flux are calculated as follows. On the i scatter
of the kt history,

J J - W - P

ik o ik ik °’

Fie = T (sec 050 5

J = E *J

ik = Bk ik
and

- F,

Felie = Bie ™ Fixe o

11f 8, = 0°, the angular distribution has no ¢ dependence.



where Wik is the appropriate weight of the particle. If 0 <8 < 90°
the value is recorded as a transmitted quantity, and if 6 > 90° the

value is tabulated as a reflected quantity. For the kth history the
above quantities are summed in the reflected or transmitted tables;

thus

5
Je =1 Jik

= %
Fk i Fik’ etc,

After N histories the final estimate for the scattered transmission
or reflection is obtained:

1 N
<J>s N i JL

|

1 ¥ .
Fps = izl B Py

The transmitted quantities are tabulated in one table and the reflected
quantities in another. Also, for gamma rays the transmitted and re-
flected dose rate factor (r/hr) are found by multiplying the differential
energy flux by the energy flux to dose rate conversion factor taken

from p.17 of [3] .

The standard error for the scattered component is calculated
and is given by the relation

N 2
= = 2 -Ns
g, = E Zi Sik Ns

where 1 N
7= F
k

The s 1is a generic term representing either scattered current, flux,
energy current, or energy flux.
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The energy deposition rate at a specified depth in the slab is
estimated by recording the energy loss at each scatter intﬁ pre-chosen
set of layers. Thus, the energy deposition rate in the n~ layer is
given by:

_1 = & Zikn MEV
% N k i AZ cm®-sec ’
where AZ 1s the layer widgg, N is the sampletﬁize, and qikn 1is
the energy loss from the i scatter of the k= history in the nth
layer. The value qikn 1s zero when i and k are not for the appro-
priate layer n . The quantity qjkn is calculated from the relation

Qikn = Wik °~ AEikn ° Jo

where Wik is the appropriate weight of the pa{ﬁicle and AEjpn, 1s
the energK loss from the i""! scatter of the k  history when it scatters
in the nth layer of the slab.

The methods of calculating the energy losses due to the scattering
of neutrons on protons.and gamma rays on electrons follow.

Neutrons: The energy of the neutron after scattering through an angle
in the center of mass coordinates, given by cos 8¢ = uc, is
L+ e

——— 2
E; = Ei 2 = Ei IJL ’

where pl, is in the laboratory system. Therefore,

2
AEj4, = Ej - Eiyy = Eﬁ - L)
. . t
is the energy loss due to the (i + 1) scatter of & neutron on a proton.

Gamma Rays: The energy of a photon after scattering through an
angle given by cosfg= u is

Ei
Eity Eq
L+ 55 4w
Therefore,
E;2 (1 -u)
Piyy TEi TP T R @ - + 0510

is the energy loss due to the (i+1)th scatter of a photon on an electron.
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The Monte Carlo histories are terminated either by the particle
escaping the slab or by the particle's energy falling below an energy
cutoff, E, . For neutrons, Ep is chosen to be 10~® Mev (unless
otherwise stated), and when the energy of a neutron is degraded below
10-® Mev the weight of the neutron is tabulated in the appropriate
layer n, of thickness AZ, as a function of depth. The quantity

T___lzwikn"]o neutrons
n N i,k AZ cm® - sec

defines the spatial distribution for the neutrons degraded below 10 ©
Mev. The average energy of these neutrons is approximately 0.5 x 10 ©
Mev. 1In the case of gamma rays, the energy cutoff, E, is chosen as
follows (unless otherwise specified):

E = 0.1 Mev if E_ > 4 Mev;

n o=

E =0.025E Mev if 1 <E < 4 Mev;
n o} = "0

E = 0.025 Mev if E_ < 1 Mev.

n o

The total cross sections for neutrons in hydrogen are taken
from the following empirical formulas:*

Z(E) =<£ i.?766 p (cm~) for E > 1.2 Mev,
6.57 .1
Z(E) = + p (cm=1) for 0.16 < E < 1.2 Mev,
sy - =—20f
= E+ 0.166 (cm™1) for 1074 < E < 0.16 Mev,
S(E) = 12.37p (em=) for 107 °< E < 107 Mev,

where p 1is the density of hydrogen in gm/cm® . The value of p 1is
chosen as 0.07 gm/cm® in all the present calculations. The absorption
cross section is not treated separately, since it is not of major
importance until E 1is below 10-% Mev. At 1076 Mev, ¢_ 1is about

0.05 barns and would result in approximately 25 neutronacaptures out
of 10,000 collisions.

¥From data in BNL 325,
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For gamma rays in hydrogen the Klein-Nishina total cross section
formula is used. Photoelectric absorption and pair production are
ignored, as explained in the_Introduction. The Klein-Nishina total
cross section formula in (cm 1) units is given by

1 1
(@) = 0.3006§ Cx;a) :{'(i% -~ In (1+2a]

1 1 + 3¢
+ o In (1 + 200) - z¥155;§——} 0

where ¢ = E/.511

The computer code for the slab geometry calculations is written
for the IBM 7090. The running time is about one minute for 1,000
histories (varying with En). All results presented are based on
a sample size of at least 5,000 histories. Theresults of the Monte
Carlo slab geometry calculations are discussed in parts B and C.

B. RESULTS OF NEUTRON TRANSPORT

1. Albedo Factors The results given in Table I and Figures
2 through 7 are albedo or reflection factors of neutrons incident on
a hydrogen slab at the indicated energy and angle. The albedo factor
is defined in general as

where IR is the reflected quantity (current, energy current, or flux)
and I, is the corresponding incident quantity at the slab surface.
Thus, the statistical estimate of the number flux albedo in slab

geometry 1is given by
s —L
<%$>— <ikose;2/éo sec O »

where J, = incident number current (1 n/cm® -sec), and 6o is the
angle of incidence; the J connotes the differential number current
in the reflected or negative direction, and the angle 6 is the associ-

ated angle of reflection. In a similar manner, the statistical estimate

of the energy current albedo is given by

ki,
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The albedo factors are based on neutron energies above 10-5 Mev,
Hence, the statistical estimates are low for number current and flux

albedo since additional neutrons would escape in going from 1 ev to
the low energies (.00l ev) that may exist before capture. However,
the energy current albedo is quite sufficient since the remaining energy
of the neutrons is a negligible fraction of the incident neutron energy.

2. Buildup Factors The results presented in Tables II and III
and Figure 8 are for neutron buildup factors in liquid hydrogen. Only
the calculations which preserved a reasonable degree of accuracy are
presented here. 1In many cases the heat deposition calculations were
for such great depth that the transmission data was unreliable. The
data in Table II were generated specifically to obtain transmission
data of normal incident 8-Mev neutrons. Figure 8 compares the present
results of the 8-Mev neutron's penetrations in liquid hydrogen
(p= .07 gn/ecm®) to calculations that are reported in NDA-15C-39
4] . The discrepancies between the results are attributed to different
geometries, slightly different hydrogen cross section data, and the
minimum neutron energy considered. The buildup factors calculated
in plane geometry have the following properties: Let

U = uncollided component of transmitted radiation;

S = scattered component of transmitted radiation determined
by Monte Carlo calculations;

Io= incident quantity (current, flux, energy, etc.);

B = slab buildup factor for incident quantity and slab thickness
(i.e., B =3B (90, Ey, Z7);

slab transmission factor (ratio of transmitted quantity to
incident quantity).

and T

Then,U

il

Ip exp ( -Z(Eo) Zr sec 9o),

U+sS,
U
U+sS

Io

B =

and T =

From the last three relationships, a useful connection between
slab transmission factors and slab buildup factors is:
BU

T = o = B exp (- (EO)ZT sec 9,).
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3. Heat Rates Figure 9 and Tables IV through VIII present
the results for the neutron energy deposition rate as a function of
depth in the liquid hydrogen. The results are presented for eight
incident energies and five incident angles on the slab surface. The
results are given in BTU/in® -sec for an incident number current of 1
neutron/cm® -sec at the indicated initial energy E, and angle 8, . For
convenience of conversion between different units, the following
relationships are given:

0.07 gm/cm® = 0.00253 1b/in® ,

P
2.486 x 10715 BTU/in®

H
[e]
AE
11
f

s |

| Lb.Liq.H

1 395.4 BTU/in®

4. Slow Neutrons Figures 10 and 11 and Tables IX through
XIII present the calculations for the spatial distribution of slow
neutrons which have an average energy of about 0.5 ev. The units are
neutrons/cm® -sec per incident neutron/cm® -sec on the slab surface.
The tables give the results for eight incident energies and five incident
angles. There is some justification for assuming that this spatial
distribution can be used to represent point isotropic sources for the
2.23 Mev capture gammas associated with the neutron absorption in
hydrogen.

C. RESULTS OF GAMMA RAY TRANSPORT

1. Albedo Factors Table XIV and Figure 12 present the cal-
culated gamma ray albedo factors for hydrogen slabs. It is interesting
to note that the energy current albedos for gamma rays are usually
higher than for the neutrons (Figs. 2 - 6) except at the more oblique
angles of incidence. For a more detailed discussion of albedo factors,
see part B.

2. Buildup Factors Table XV and Figure 13 present calculated
gamma ray buildup factor s for six incident energies and four thick-
nesses of hydrogen slabs. Figure 13 gives a comparison of the present
calculations to NDA [3] moment method calculations for water. The
differences are explainable in terms of geometry (NDA uses a semi-
infinite medium) and the photoelectric absorption of oxygen. Note that
all the Monte Carlo buildup factors given in Table XV are for gamma
rays reduced to 0.025 Mev where the photoelectric cross section of
oxygen is fairly large. The reason that the absorption cross section
of oxygen is important is that photons degraded in energy are readily
absorbed, thus reducing the number of low-energy photons escaping the
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slab. However, for pure hydrogen, the low-energy photon is much more
likely to escape the slab - noticeably reducing the magnitude of the
average transmitted energy flux if Eo is not too large (Eo < 3 Mev).
This effect is shown dramatically by comparing the energy flux buildup
of 6-Mev photons and 1-Mev photons in hydrogen to those in water. For
a more detailed discussion of buildup factors, see part B.

3. Heat Rates Figure 14 and Tables XVI - XX give the results
for the gamma ray energy deposition rates as a function of depth. The
results are given for seven initial energies and five incident angles.
The units are in BTU/in® -sec for an incident number current density
of 1 photon/cm® -sec. Part B provides a more detailed discussion,

4. Angular Distributions Figure 15 and Tables XXI - EXIV
present the transmitted scattered angular distribution and associated
energies for gamma rays (1l photon/cm® =sec) normally incident on
hydrogen slabs of 1, 2, 4, and 7 mean free path's thickness. The
quantities presented have the units of Mev/cﬁ? -sec-ster. The quantity
represents the energy current/steradian in each of ten equal solid
angles (A Q = 25 Acosé = n/5). Thus,

o)

1
N} J
£ Z; E)\_ . E
T ifl ~o i— BJE 1; where <; Q:L is the

JE
quantity tabulated; By, is the total energy current buildup factor for
the slab (Table XV), and Usp = Eo exp (- £ (Eo)Zt). The average
energy associated with each solid angle is given in the tables and
calculated as follows: Ei = QAJE)i /(AJ)i, where 1 denotes the solid
angle,

SECTION II. CYLINDRICAL GEOMETRY METHODS

A. CYLINDRICAL GEOMEXRY MONTE CARLO METHODS

The basic scattering phenomena for neutrons and photons as
well as the general methods of treating radiation transfer and energy
deposition rates are essentially unchanged in the cylindrical geometry.
Hence, only those differences which are a consequence of the change
in geometry and source will be developed in this section.

A point isotropic monoenergetic source of 1 particle/second is
taken on the axis of a right circular cylinder, as shown in Figure 16,
Thus, if 8,5 is half the angle subtended by the cylinder at the source®

* Continued on page 54,
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TABLE I
Neutron Albedo Factors for Monoemergetic

Parallel Beams Incident on Hydrogen Slabs
at Indicated Angle and Energy

Number Current Albedo

Eg
)
o 7 (Mev) 5 (Mev) 3 (Mev) 2 (Mev) 1 (Mev) 0.3 (Mev) 0.04 (Mev
0° 0.036 .0,044 0,060 L075 105 L174 . 242
+,003* +,004 +,004 1,004 40,005 +.,006 +.007
25° 0.062 086 .101 .129 199
3.004 +.004 +.005 +.006 +.008
45° 0.119 0.149 .181 .202 .288
+.006 4,005 +.006 +.007 +.009
60° 0.202 244 .259 .307 .379
+.006 +.007 +.007 +,008 4,009
759 0.374 ,410 467 .483 511
+,008 +.008 +,009 +.009 +.009
Energy Current Albedo
o° 0.00056 .00057 . 00060 00064 .00085 L0015 L0027
+,00008 +.00008 +.00008 +.00007 +.00009  +.0001 +.00015
25° 0.0017 .0018 L0017 L0019 .0032
+.0002 +.0002 +,0002 +.0002 +,0003
45° .0085 .00B4 .0098 ,0085 L0112
+.0007 +.0005 +,0006 +.0005 +.0017
60° .026 ,029 .028 .029 ,034
) +.001 +.001 +.001 +.,001 +.002
75° .080 .084 . 087 . 094 ,0895
+.002 +.002 +.002 +,003 +,0024
Number Flux Albedo
o° 0.065 0.074 0.105 0.131 186 .323 .453
+.006 +.006 +.007 +.008 +.010 +.013 +.015
25° L111 154 .180 .239 L3454
+,009 +,013 4,010 +,025 +,016
459 0.194 .230 . 280 L3317 L4639
+.012 +.014 +.012 +.016 +.022
60° 0,255 .292 . 295 L3%6 428
+.012 +,013 +.012 +,013 1.014
759 0,256 .278 .293 332 .348
+,008 +.008 +,009 +,009 +.012

* The (+) quantity is the standard error in the statistical
estimate of the albedo (UB)_
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TABLE 1I
Neutron Buildup Factors for 8 Mev Neutrons
Incident Normally on Hydrogen Slabs;
Cutoff Energy is 0.01 Mev

Buildup Factors

Mean Free Thickness Energy Number Number Exp (= IoX)
Paths (Inches) Current Current Flux xp o
L oX
Fk
2 16.8 1.894 2.83 3.64 1.353(-1)
+.014% +.03 +.05
4 33.6 2.63 4. 7 1.831(-2)
+.05 +.1 +.2
6 50.4 3.6 6.0 7.5 2.476(-3)
+.2 +.4 +.6
8 67.2 3.9 6.6 8.5 3.360(-4)
+.5 #1.1 +1.6
16 134.4 5.6 10.3 13.7 1.124(-7)
+.3 +1.3 +1.8
24 201.5 7.8 13.2 17.8 3.775(~11)
+.8 +1.8 + 2.7
* The standard error in the quantity calculated.
** The integer in parenthesis is the power of ten by which the number is multiplied.



TABLE I1I

Neutron Buildup Factors for Indicated Initial
Energies and Hydrogen 5lab Thicknesscs.
Neutrons are Normally Incident with Cut-
off Energy of 10 ~"Mev,

£y Mean Free Thickness Energy Mumber Number
(Mev) Paths &' X (in) Current Current Flux
7 2.66 20 2.14 3.68 .80
+.03% +.08 +.12
7 5.31 40 3.00 5.8 7.7
+.16 +.4 +.7
7 10.63 80 4.3 7.6 9.8
+.4 +.9 +1.2
5 3.46 20 2.56 4.92 6.8
+.06 +.15 +.3
5 6.91 40 3.9 8.5 11.8
+.2 +.6 +.9
5 13.82 80 5.3 12.3 16.7
+.6 +1.8 +2.5
3 4.94 20 47 7.6 10.5
+.15 +.4 +.7 1
3 9.87 40 5.7 16.2 20.3
+.9 +4.2 +4.9
2 6.29 20 4.6 12.4 17,5
+.3 +1.1 +1.8
2 12.6 40 6.9 16.6 1.9
+.9 +2.8 +3.9
1 9.12 20 5.2 5.2 42.4
+1.0 7.6 +12.7

* The standard error in quantity calculated.
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Neutron Energy Deposition, BTU/in?-sec of One Incident Neutron/cm? -sec

TABLE V

With Neutrons Incident at 94 = 25" and Initial Energies Egp

Depth EO-—O.B Mev Eo-—-l.O tev Ep=7.0 Mev 1‘10=3.O Mev Eo=5.0 Mev
Inches 19~ 16% 10-16 10-16 19-16 10-16
0.5 1.238 2.367 3.403 4.106 4.869
1.5 0.785 2.015 3.155 3,804 4,778
2.5 0.447 1.538 2.607 3.356 4.683
3.5 0.236 1.166 2.154 2.986 4,039
4.5 0.111 0.836 1.765 2.527 3.809
5.5 0.055 0.596 1.438 2.259 3,212
6.5 0.028 0.406 1.115 1.961 2,821
7.5 0.016 0.286 0.901 1.570 2,604
8.5 0.005 0.183 0.720 1.287 2.373
9.5 0.002 0.128 0.535 1.036 2.045
0.5 0.001 0.078 0.456 0.799 1.884
11.5 0.001 0.060 0.330 0.723 1.719
12.5 0.036 0.224 0,591 1.342
13.5 0.028 0.162 0.430 1.226
14.5 0.014 0.138 0.336 1.061
15.5 0.010 0.113 0.286 0.853
16.5 0.009 0.080 0.227 0.767
17.5 0.003 0.067 0.191 0.656
18.5 0.002 0.045 0.177 0.624
19.5 0.001 0.034 0.126 0.531
21.0 0.017 0.098 0.413
23.0 0.012 0.059 0.324
25.0 0.009 0.037 0.191
27.0 0.007 0.025 0.144
29.0 0.003 0.013 0.111
31,0 0.002 0.008 0.088
33.0 0.006 0.060
35.0 0,005 0.045
37.0 0.002 0.041
39,0 0.030

Powers of ten by which number in table should be multiplied.




TABLE VI
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Neutron Energy Deposition, BTU/in®*-sec of One Incident Neutron/cm? -sec

With Neutrons Incident at 6, = 45" and Initial Energies Eg

Depth Eo = 0.3 Mey Eo=1,0.Mev | E4=2.0 Mev | E5=3.0 Mev Eo=5.0 Mev
Inches | 19-16" 10” 1016 10-16 10-16
0.5 1.490 3.082 4,534 5.417 6.294
1.5 0.762 2.313 3.664 4,677 5.835
2.5 0.369 1.579 2,919 4,025 5.331
3.5 0.162 0.998 2.220 3.199 4,579
4.5 0.070 0.627 1.656 2.595 4,077
5.5 0.029 0.438 1.185 2,030 3.562
6.5 0.012 0.261 0.902 1,555 3.040
7.5 3.004 0.146 0.636 1.158 2.570
8.5 0.002 0.102 0.499 1.016 2.263
9.5 0.001 0.060 0,308 0.762 1.910
10.5 0.033 0.263 0.622 1,601
11.5 0.024 0.181 0.486 1.358
12,5 0.013 0.103 0.370 1.066
13.5 0.009 0.085 0.307 0.890
4.5 0.005 0.065 0.203 0.679
15.5 0.001 0.042 0.173 0.557
16.5 0.001 0.028 0.116 0.509
17.5 0.027 0.112 0.408
18.5 0.018 0.068 0.338
19.5 0.008 0.051 0.304
21.0 0.007 0.046 0.251
23.0 0.004 0.029 0,121
25.0 0.011 0.085
27.0 0.007 0.074
29.0 0,005 0.043
31.0 0.004 0.034
33.0 0.003 0.025
35.0 0.015
37.0 0.007
39.0 0.006

* Powers of ten by which number in table should be multiplied.



TABLE VII
Neutron Energy Deposition, BTU/in % sec of One Incident Neutron/cm? -sec

°
With Neutrons Incident at 8, = 60 and Initial Energies Eg

Depth |Eg=0.3 Mev Eo=1.0 Mev | E4=2.0 Mev | Eo=3.0 Mev | E4=5.0 Mev
Inches | 10-16" 10-16 10-16 10716 10716
0.5 1.842 4,151 6.032 7.406 8.998
1.5 0.649 2.351 4,253 5.847 7.655
2.5 0.223 1.357 3.013 4,244 6.293
3,5 0.078 0.714 1.931 3,143 5,242
4,5 0.027 0.407 1.268 2,310 4,058
5.5 0.008 0.226 0.806 1.549 3. 284
6.5 0,003 0.136 0.523 1.095 2,601
7.5 0.002 0.066 0.1395 0.786 1,893
8.5 0.040 0.229 0.634 1,590
9.5 0.026 0.164 0.409 1,294
10.5 0.014 0.129 0.315 0.895
11.5 0.009 0.095 0.205 0.813
12,5 0.005 0.055 0.144 0.640
13.5 0.002 0.038 0.111 0.550
14.5 0,002 0.020 0.082 0.385
15.5 0.012 0.062 0.311
16.5 0.010 0.042 0.227
17.5 0.006 0.032 0.184
18.5 0.005 0.035 0.133
19.5 0.003 0.020 0.118
21,0 0.066
23.0 0.046
25.0 0.039
27.0 0.020
29,0 0.014
31,0 0.010
33,0 0.010
35.0 0.003

* Powers of ten by which number in table should be multiplied.



31

TABLE VIII

Neutron Energy Deposition, BTU/in®-sec of One Incident Neutron/cm? -sec

With Neutrons Incident at 9, = 75° and Initial Energies Eg

Depth Eo=0.3 gev Eg=1.0 Mev [E,=2.0 Mev Eg=3.0 Mev [E,=5.0 Mev

Inches 10716 10-16 10-16 10715 10715
0.5 2.226 5.860 9.529 1,225 1.559
1.5 0.330 1.808 4,183 0.622 0.976
2.5 0.080 0.649 1.878 0.348 0.636
3.5 0.026 0.278 1,006 0.183 0.415
4,5 0.007 0.132 0.525 0.115 0.262
5.5 0.003 0.066 0.271 0.067 0,197
6.5 0.001 0.031 0.187 0.043 0.126
7.5 0.021 0.120 0.030 0.078
8.5 0.007 0.079 0.018 0.066
9.5 0.006 0.050 0.011 0.041
10.5 0,006 0.030 0.010 0.034
11,5 0.003 0.012 0.006 0.023
12,5 0.009 0.006 0.015
13,5 0.007 0.003 0.012
14,5 0.006 0.003 0.011
15.5 0.004 0.001 0.009
16.5 0.001 0.001 0.006
17.5 0.001 0.005
18,5 0.004
19.5 0.004

* Powers of ten by which number in table should be multiplied.
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TABLE X

Spatial Distribution of 0.5 ev Neutrons in Liquid Hydrogen Due to Monoenergetic
Neutrons of Energy Eg Incident on Hydrogen Slabs at an Angle 95=25 . The

Incident Number Current is 1 Neutron/cm? -sec.

Depth | E,=0.3 Mev | E,=1.0 Mev |E4=2.0 Mev |Eg=3.0 Mev Ey=5.0 Mev

Inches 10-2* 10"2 10-2 10-2 10-2
0.5 4, 442%* 2.574 1.819 1.392 0.874
1.5 5.981 3.642 2.881 1.880 1.772
2.5 6,242 4,705 3.401 2.784 2,186
3.5 5.320 4,947 3.637 3.091 2.311
4,5 4.010 4.152 3,645 2.949 2.311
5.5 2,488 3.800 3.314 3.154 2.506
6.5 1.477 3.056 3.102 2,949 2,178
7.5 0.896 2.145 2.527 2,674 2,326
8.5 0.488 1.407 2,086 2.336 2,084
9.5 0.172 1,338 1,937 2,171 1,913
10.5 0.124 0.756 1.575 1.966 1.920
11.5 0.054 0.618 1.071 1.715 1.780
12.5 0.040 0.431 1.102 1.227 1,585
13.5 0.015 0.257 0,787 1.991 1,296
14,5 0.004 0.178 0.551 0.952 1.194
15.5 0.002 0.153 0.433 0.645 1.062
16.5 0,003 0.088 0,315 0.590 1,031
17.5 0.001 0.035 0.299 0.472 0.906
18.5 0.031 0.268 0.370 0.664
19.5 0.026 0.236 0.362 0.671
21.0 0.109 0.250 0.516
23.0 0.050 0.142 0.406
25.0 0.041 0.096 0,390
27.0 0.022 0.090 0.224
29,0 0.013 0.039 0.126
31.0 0.012 0.027 0.138
33.0 0.009 0.015 0,106
35.0 0.001 0,008 0.067
37.0 0.007 0,043
39.Q*_, 0.004 0.067

* Powers of ten by which number in table should be multiplied.

** Neutrons/cm?®-sec
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TABLE XI

Spatial Distribution of 0.5 ev Neutrons in Liquid Hydrogen Due to Monoenergetic
Neutrons of Energy Eg Incident on Hydrogen Slabs at an Angle 6&p= 45°, The

Incident Number Current is 1 Neutron/cm? -sec.

Depth [E,=0.3 llev [E,=1,0 Mev [E4=2,0 Mev E,=3.0 Mev | E,=5.0 Mev
Inches | 1072 * 10-2 10-2 1072 1072
0.5 4,510%* 3.098 2.126 1.787 1.155
1.5 5.678 4,517 3,433 2.590 1,815
2.5 5.877 4,952 3.756 3.055 2.475
3.5 4,640 4,440 3.961 3,511 2.451
4,5 3,169 3.637 3.842 3.464 2.781
5.5 2,213 3.140 2.921 3.000 2.679
6.5 1.095 2,432 2,732 2.842 2,750
7.5 0.588 1,734 2,252 2.291 2,200
8.5 0.302 1.281 1.898 2,149 2.208
9.5 0.208 0.692 1.370 1.614 2,035
10.5 0.034 0.474 1.008 1,299 1.886
11.5 0.013 0,292 0.953 1.307 1.571
12.5 0.006 0.206 0.614 0,976 1.296
13.5 0,013 0.175 0.386 0.842 1,281
14.5 0.001 0.078 0.260 0.593 0.935
15.5 0.057 0.307 0.528 0.786
16.5 0.046 0.213 0.457 0.825
17.5 0.017 0.118 0.346 0.613
18.5 0.018 0.071 0.197 0,503
19,5 0.006 0.118 0.173 0.385
21.0 0.068 0.145 0.385
23.0 0.020 0.078 0.252
25.0 0.002 0.053 0.128
27.0 0.007 0.027 0,089
29,0 0.001 0.018 0.071
31.0 0.022 0.058
33.0 0.008 0.044
35.0 0.001 0.024
37.0 0.035
39.0 0.020

* Powers of ten by which number in table should be multiplied.

*#% Neutrons/cm3-sec



37

TABLE XII

Spatial Distribution of 0,5 ev Neutrons in Liquid Hydrogen Due to Monoenergetic
Neutrons of Energy E, Incident on Hydrogen Slabs at an Angle = 60°. The

Incident Number Current is 1 Neutron/cm? -sec.

Depth Eo=0.3 Mev [E,=1.0 Mev | E;=2.0 Mev | E;=3.0 Mev E,=5.0 Mev
*

Inches 1072" 1072 1072 102 10~2
0.5 4,238%* 3,146 2,377 1.939 1.480
1.5 5.859 4,845 3,647 2,917 2,181
2.5 5.049 4.860 4,001 3.239 2.944
3.5 3,928 3.841 3.744 3,934 2.842
4.5 2.610 3,256 3,449 3,358 2.889
5.5 1.352 2,606 2,835 2,837 2.755
6.5 0.714 1,724 2,395 2.269 2.559
7.5 0.286 1,178 1.545 2.046 2.126
8.5 0.194 0.741 1.406 1,534 1.866
9.5 0.025 0,408 0,985 1.472 1.614

10.5 0.006 0.300 0.641 1.024 1.543
11.5 0.138 0.623 0.824 1.016
12.5 0.104 0.362 0.632 1,055
13.5 | 0.062 0.348 0.428 0.819
1 14,5 0.029 0.132 0.328 0.630
15.5 0.022 0.105 0.192 0.535
16.5 0.006 0.073 0.156 0.464
17.5 0,052 0.138 0.307
18.5 0.036 0.103 0.260
19,5 0.022 0.113 0.315
21.0 0.045 0.135
23.0 0.041 0.131
25.0 0.066
27.0 0.070
29.0 -0.030
31.0 0.016
33.0 0.011
35.0 0.006

* Powers of ten by which number in table should be multiplied.

*% Neutrons/cm3-sec



TABLE XIII

Spatial Distribution of 0.5 ev Neutrons in Liquid Hydrogen Due to Monoenergetic
Neutrons of Energy E, Incident on Hydrogen Slabs at an Angle & =15 °. The

Incident Number Current is 1 Neutron/cm? -sec.

Depth |} E,=0.3 Mev | E5= 1.0 Mev}E = 2.0 Mev | Eq= 3.0 Mev | E,=5,0 _Mev
Inches 10-2 * 10-2 10-2 1072 1072
0.5 4, 115%% 3.293 2.650 2,150 1.787
1.5 5.062 4,103 3.333 3,172 2.733
2.5 4,152 3.977 3,733 3,305 2.974
3.5 2.667 3.315 3.156 3,166 2.930
4,5 1.531 2.194 2,431 2.431 2,672
5.5 0.925 1.422 1,858 2,192 2.428
6.5 0.351 1,033 1,534 1.683 1.807
7.5 0.154 0.440 1.044 1.529 1.417
8.5 0,045 0.306 0.833 0,982 1.117
9.5 0.026 0.240 0.474 0,673 1.161
10,5 0.029 0,069 0.330 0.424 0,813
11,5 0.024 0.085 0.156 0.413 0.647
12,5 0.046 0.158 0,280 0.489
13.5 0.018 0,087 0.220 0.326
14.5 0.007 0.064 0.100 0.244
15.5 0,023 0,093 0.244
16,5 0.030 0.055 0.178
17.5 0,011 0.083 0.110
18.5 0,010 0.008 0,101
19.5 0.018 0.035 0,094

* Powers of ten by which number in table should be multiplied.

*% Neutrons/cm?®-sec



Gamma Ray Albedo Factors for Monoenergetic

Parallel Beams Incident on Hydrogen Slabs

at Indicated Angle and Energy

TABLE XIV

Number Current Albedo

Eo
0o 8.0(Mev) 6.0(Mev) 4 .0(Mev) 3.0(Mev) 2 . 0(Mev) 1.0 (Mev) 0.5 (Mev)
o° .063 .070 .099 0.142 0.217 0.369 0.450
+.003%* +.003 1.004 +.005 +.006 +.008 +.008
25° .072 ..090 0.113 0.147 J.239 0.396 0.469
+.003 +.004 +.004 +.005 +.006 +.008 +.008
45° .097 0.119 0.152 0.196 0.287 0.459 0.538
+.004 +.004 +.005 +.005 +.006 +.008 +.008
60° 0.157 0.182 0.216 0.279 0.364 0.536 0.603
+.005 +.005 +.005 +.006 +.007 +.008 +.008
759 .027 0.328 0.359 0.424 0.513 0.656 0.698
+.002 +.006 +.006 +.007 +.008 +.008 +.008
Energy Current Albedo
0° .0018 .0028 .0058 .0096 .0192 .050 0.102
+.0001 +.0001 +.0002 +.0003 +.0006 +.001 +.009
25° .0024 .0037 L0071 L0109 .0223 .055 0.114
+.0001 +.0002 +.0003 +.0004 +.0006 +.001 +.,002
450 ,0036 .0061 .0112 .0166 .0320 072 0.144
+.0002 +.0003 *.0004 4.0005 +.0008 +.001 +.002
60° .0079 0114 .0202 .0303 .050 0.103 0.179
+.0003 +.0004 +.0006 +.0008 +.001 +.002 +.003
759 .0236 .035 .049 .068 .096 0.167 0.254
+.0008 +.001 +.001 +.002 +.002 +.003 +.003
Energy Flux Albedo
0° .0038 ,0061 .0123 .020 .041 0.103 0.211
+.0002 +.0006 4.0007 +.001 +.002 +.,004 +.007
25° .0047 .0069 .0142 021 .041 0.106 0,216
4.0003 4.0005 +.0009 1.001 +.002 +.004 +.006
450 .0061 .0105 021 .027 .055 0,112 0.215
+.0004 +.0008 +.002 +.001 +.004 +.004 +.006
60° .0116 .016 .028 .041 .064 0.139 0.212
+.0009 +.001 +.002 +.002 +.003 +.006 +.006
75° .027 .037 .045 .065 .086 0.126 0.186
+.002 +.002 +.,002 +.003 +,004 +.004 +.005

*The (+) quantity {s the standard error in the statistical estimate of the albedo.
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FIGURE 12. GAMMA RAY ENERGY CURRENT ALBEDO FACTORS VERSUS
ANGLE OF INCIDENCE FOR MONOENERGETIC PARALLEL RAYS
INCIDENT ON HYDROGEN SLABS



TABLE XV

Buildup Factors for Normal Incident Monoenergetic

Gamma Rays in Hydrogen Slabs, Ep = 0,025 Mev

Energy Current Buildup Factors

Energy
H X Eo 6 4 3 2 1 0.5
o
Mean Free Paths

7 3.00 3.18 3.30 4.14 6.86 9.22
+.20% +.21 +.18 +.25 +.38 +.41

4 2,23 2.44 2.55 2,96 3.61 4,49
+.06 +.04 +.07 +.08 +.10 .11

2 1.60 1.69 1.77 1.91 2,15 2,39
*.01 +.02 +.02 +.03 +.05 +.05

1 1.319 1.35 1.39 1.45 1.48 1.61
+.003 +.01 +.01 +.01 +.02 +.02

Energy Flux Buildup

7 3.30 3.48 3.76 4.80 8.95 13.38
+.24 +.24 *.23 +.30 +.54 1.67

4 2.36 2.66 2.89 3.58 4.60 6.24
+.07 +.04 +.09 +.11 +.15 +.19

2 1.68 1.82 1.94 2.16 2.62 3.16
+.01 +.02 +.02 +.04 +.08 +.10

1 1.364 1.42 1.50 1.58 1.70 1.96
+.004 +.01 +.01 +.01 .02 +.03

Dose Buildup Factors

7 3.86 4.03 4.43 5.70 10.75 19.33
+.32 +.29 +.29 +.36 +.60 +.96

4 2.64 3.02 3.32 4,07 5.03 7.16

. +.08 .05 +.11 +.13 +.16 *.21

2 1.84 2.01 2.14 2.35 73 3.24
+.01 +.02 .02 +.04 +.08 +.10

1 1.449 1.52 1.60 1.66 1.73 1.94
+.004 +.01 +.01 +.01 *.02 +.03

* The (+) quantity is the standard error in the statistical estimate of the
buildup factor, ’
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TABLE XXI

Angular Distribution and Associated Average Energies of Scattered Gamma Rays
for Normal Incident Photons,of Energy Ep , on Liquid Hydrogen Slabs of
1 Mean Free Path Thickness; In Units of {Photons -Mev/cm? -sec-steradian)

Sffﬁigzii§“ess 10.62 8.10 6.76 5.32 3.68 2.69
Initial
cos o~Energy .l 6 4 3 2 1 0.5
Interval
1-.9 8.33¢-1) | 5.33(-1) | 4.16¢-1) | 2.88(-1)| 1.02¢-1) | 5.74(-2)
.9-.8 1.53(=1) | 1.48¢-1) | 1.26¢-1) | 9.62¢-1)] 6.33¢-2) | 3.74¢-2)
8-.7 6.05(-2) | 6.48¢-2) | 6.12(-2) | 5.51¢-2)| 4.04¢-2) | 2.50(-2)
7.6 3.26(-2) | 3.20¢-2) | 3.75¢-2) | 3.41¢-2)] 2.78¢-2) | 1.85(-2)
6-.5 1.85(-2) | 2.13¢-2) | 2.09¢-2) | 2.16¢-2)] 1.83¢-2) | 1.51(¢-2)
5.4 1.07(-2) | 1.25¢-2) | 1.34(-2) | 1.09¢-2)| 1.38(~2) | 1.02¢-2)
4.3 6.42(-3) | 8.56¢-3) | 9.35¢-3) | 9.07¢-3)] 8.52¢-3) | 7.14¢-3)
3-.2 3.31¢-3) | 4.55¢=3) | 5.51¢-3) | 5.17¢-3)| 5.09¢-3) | 3.62¢-3)
L2-.1 1.85(-3) | 1.77¢=3) | 2.27¢-3) | 3.23¢-3)| 2.54(-3) | 2.97¢-3)
.1-0 4.99(-4) | 3.22¢-4) | 8.15¢-4) | 6.91¢-4) | 5.51(-4) | 6.95(-4)

Average Energy (Mev) of Scattered Transmitted Photons

1-.9 3.39 2.36 1.82 1.32 0.63 0.38
.9-.8 1.44 1.22 1.05 0.33 0.56 0.31
.8=.7 0.88 0.81 0.72 0.62 0.47 0.28
d=.6 0.65 © 0.58 0.57 0.49 0.39 0.26
.6=.5 0.51 0.48 0.46 0.42 0.33 0.23
S5=.4 0,42 0.41 0.37 0.35 0.31 0.24
4=3 G.37 0.38 0.37 0.33 0.32 0.20
3-.2 0.33 0.33 0.30 0.34 0.28 0.19
2-.1 0.30 0.32 0.29 0.30 0.19 0.20
.1-0 0.26: 0.20 0.33 0.39 0.24 0.15

% The number in parenthesis is the power of ten by which the number is multiplied.



TABLE XXII

Angular Distribution and Associated Average Energies of Scattered Gamma Rays
for Normal Incident Photons,of Energy E, , on Liquid Hydrogen Slabs of
2 Mean Free Path Thickness; In Units of {Photons-Mev/cm? -sec-steradian)

b
Sla {gégkgess 21.25 16.21 13.52 10.63 7.37 5.38
Initial
Ener
cos @ %ﬁev) 6 4 3 2 1 0.5
Interval
1-.9 5.99¢-13] 4.01¢-1) | 3.10¢-1)| 2.11¢-1) | 9.04¢-2)[ 4.53¢-2)
:9-.8 9.74(=2)| 1.02(=1) | 8.97(-2)}| 7.93(~2) | 6.28(~2)| 3.20(-2)
-8-.7 3.65(-2)| 4.09(-2) [ 4.21(-2)| 4.20(-2) | 3.05(-2)| 2.35(-2)
o7=.6 2.01(-2)] 2.36(¢-2) | 2.55(-2)] 2.17¢-2) | 2.33(-2)| 1.74(-2)
6-.5 1.14¢-2) ] 1.44¢=2) | 1.36¢-2)] 1.73¢-2) | 1.58(-2)| 1.13¢-2)
5=b 6.83(-3)] 7.32¢-3) | 8.80(=3)| 7.95¢-3) | 1.15¢-2)| 8.62(~3)
A 4.43(=3)} 3.90(=3) | 5.%(-3)] 7.02¢-3) | 7.45(-3)| 5.60(~3)
-3=.2 2.44(=3)] 3.35(=3) | 3.34(=3)| 3.90(-3) | 3.98(-3)| 3.79(-3)
-2-.1 1.06(~3)| 1.12(-3) | 1.69¢-3)| 1.32¢-3) | 9.14(~4)| 1.76(-3)
-1-0 3.13¢-4)| 5.16(-4) | 2.55(-4)| 2.85¢=4) | 4.70(-4)| 3.66(-4)

Average Energy (Mev) of Scattered Transmitted Photons

1-.9 3.30 2.18 1.64 1.08 0.50 0.27
.9-.8 1.35 1.07 0.86 0.67 0.42 0.25
8.7 0.79 0.63 0.60 0.48 0.21 0.26
7=.6 0.58 0.55 0.47 0.34 0.27 0.19
.6=.5 0.47 0.45 0.40 0.34 0.28 0.19
5-.4 0.38 0.37 0.36 0.27 0,25 0.17
4=.3 0.34 0.32 0.30 0.27 0.23 0.17
3-.2 0.30 0.32 0.28 0.24 0.20 0.16
2=-.1 0.28 0.22 0.28 0.24 0.16 0.14
.1-0 0.22 0.30 0.23 0.12 0.18 0.16

%* The number in parenthesis is the power of ten by which the number is multiplied.
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TABLE XXIII

Angular Distribution and Associated Average Energies of Scattered Gamma Rays
for Normal Incident Photons, of Energy E, , on Liquid Hydrogen Slabs of
4 Mean Free Path Thickness; In Units of (Phcﬂ:on-Mev/cmZ -sec-steradian)

Stab Thickness | 47 49 37.41 | 27.04 21.26 1674 | 10.76
eet)
Inégi?I

cos® Wy 6 4 3 2 1 0.5

Interval
1-.9 1.71(-1)* 1.21(~1)| 8.80(-2)} 6.23(~2) 3.34(-2) 1.75(~2)
.9~.8 2.37(=2) 2.44(=2)1 2.29(-2) { 2.15(-2) 1.65(~2) 1.09(~2)
8.7 9.31(~3) 1.07(-2)] 1.01(-2) | 1.16(-2) 9.24(~3) 7.96(=3)
J-.6 4.81(=3) 4,61(-3)] 5.40(-3) | 7.36(~3) | 6.43(-3) | 5.19(~3)
6-.5 3.02(-3) 2,62(~3)| 3.81(-3) | 3.92(~3) | 4.48(~3) | 3.08(-3)
S-4 1.71(-3) 2.10(=3)| 2.59(~3) | 2.78(-3) | 2.29(-3) | 2.64(-3)

F 4=3 7.28(~4) 1.16(=3)] 1.65(=3) | 1.92(=3) | 1.71(-3) | 1.75(-3)
W3-.2 5.09(~4) 6.24(=4) ] 9.38(~4) | 1.58(=3) | 1.27(-3) | 1.01(~3)
2-.1 1.74(=4) 2,98(-4) | 4.32(~4) 19.05(~4) | 4,88(=4) | 7.01(-4)
.1-0 3.00(-6) 6.18(~5) ] 7.23(=5) | 1.56(=4) ] 9.55(-5) | 4.78(-5)

Average Energy (Mev) of Scattered Transmitted Photons

1-.9 3.40 2.16 1,57 0.97 0.45 0.21
.9-.8 1.45 1.05 0.77 0.56 0.32 0.17
.8=-.7 0.82 0.64 0,50 0.42 0.26 0.16
.7-.6 0.54 0.46 0.35 0.37 0.22 0.14
.6=.5 0.44 0.34 0.28 0.27 0.24 0.11
S=4 0.46 0.32 0.27 0.24 0.15 0.13
4=.3 0.36 0.27 0.26 0.21 0.15 0.11
J3-.2 0.43 0.28 0.24 0.29 0.18 0.10
.2-.1 0.20 0.32 0.26 0.28 0.15 0.13
.1-0 0.08 0.19 0.33 0.36 0.12 0.12

* The number in parenthesis is the power of ten by which the number is
multiplied.
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Angular Distribution and Associated Average Energies of Scattered Gamma Rays
for Normal Incident Photons of Energy E,, on Liquid Hydrogen Slabs of
7 Mean Free Path Thickness; In Units of (Photon-Mev/cm? -sec -steradian)

Slab Thickness 74.37 56.72 47.31 37.20 25.79 18.83
(Teet)
Initial =
cos @ (Mev 6 4 3 2 1 0.5
Interval
1-.9 1.30(-2§ 9.70(~3)] 6.52(-3)} 5.68(=3)| 3.71(-=3) 1.34(-3)
.9-.8 2.22(=3) 1.26(~3)| 1.84(-3)] 1.69(-3)| 1.88(-3) 1.35(-3)
8=-.7 9.75¢(-4) 7.80(=4)| 7.14(-4) 6.66(~4)} 1.03(-3) 9.37(-4)
J=-.6 6.75(-4) 3.72(~&)| 3.07(-8)| 3.59(-4)}] 6.92(-4) 6.71(~4)
6~-.5 2.72¢-4) 1.39(-4)] 2.73(~4)] 2.85(~4)| 5.01(-4) 3.75(-4)
S=.4 6.67(~5) 2.16(=4)| 1.74(=4) 2.43(-4)| 3.38(-4) 3.43(-4)
b-.3 4.96(~5) 2.10(-4)| 5.40(-5) 1.75(-4)| 1.07(-4) 2.56(-4)
3-.2 2.74(-5) 1.42(-6)] 1.07(-4) 1.70(-5)] 1.56(-4) 1.30(-4}
2~.1 7.14(-6) 8.92(=6)] 1.60(-5) 1.10(~5)] 6.11(-5)] 5.25(-5]
.1-0, 5.47(-5) 1.05(~7)] 3.64(-6) 3.46(-6)] 5.12(-6] 1.02(-5)
Average Energy (Mev) of Scattered Transmitted Photons
1+.9 3.16 2.18 1.33 0.94 0.35 0.14
.9-.8 1.24 0.87 0.66 0.46 0.30 0.12
.8-.7 0.83 0.57 0.35 0.28 0.21 0.11
7-.6 0.72 0.40 0.21 0.21 0.19 0.11
.6=.5 0.38 0.28 0.34 0.21 0.16 .08
5= .4 0.25 0.40 0.28 0.21 0.14 .08
4-.3 0.41 0.41 0.20 0.20 0.10 .08
3.2 0.20 0.06 0.19 0.08 0.18 .07
.2-.1 0.09 0.14 0.15 0.04 0.12 .05
.1-0 . 0.44 0.48 0.43 0.04 0.04 .05

* The number in parenthesis 1s the power of ten
multiplied.

by which the number is
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there are (l-cos 0¢o)/2 particles per second incident on the end of the
cylinder. The particles are emitted isotropically and the fraction
which intercepts the cylinder in a solid angle A Q = 2 5 sin 6 df 1is
given by the probability density function

dov
f(o)do = T-o % vl
where 1 = cosf and p_ = cos 8 . A value can be chosen by

solving the following equation £8r the upper limit:

where ¢ 1is a random number between O and 1.

Thus, =y +¢& (1 -1v). However, the value Oy is more efficiently
chosen by using the systématic relationship

BT U * (- ), lke N,

where k denotes the kth history and N is the total sample size.
Thus, one history is taken in each direction defined by . Because
only one particle is taken in each direction, each partig¥e has the
same weight. Thus,

W = 1= v -8 (particle/sec)

o 2N
is the weight of each particle where N 1is the total number of sampled

directions and So is the source strength (1 particle/sec).

In order to estimate the number of particles per cm?® which escape
the bounding surfaces of the cylinder, the cylinder's surface is.
divided in the following manner. Each end is divided into ten concentric
circles so that the area between any two circles is 1/10 of the total
cross-sectional area (Fig. 16). Thus Rj =  j/10 R, where j =0, 1,
2,...,10, R = radius of cylinder, and the area AA = nR®/10 = x(R¥j - Rj_f).
Next, the cylinder is divided into ten equal disks of radius R and
bounded by planes zj = (27/10)i, where i=0,1,2,...,10. The curved
surface area of each disk is given by As = ZﬂR(ZT/IO), where Z7 is the
total length of the cylinder. The differential volumes of the cylinder
are formed by the intersections of the concentric cylinders of radius
Rj and the disks bounded by Zi . Thus, there are 100 equal differential
volumes

2
Yy B
Vij T T 100
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LIQUID HYDROGEN

FIGURE 16. SOURCE AND GEOMETRY USED IN THE CYLINDRICAL MONTE
CARLO CALCULATIONS
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which are defined by the boundaries (Zi - Zi-l) and(Rj - Rj-l)'

The partig%es are traced through the cylinder in the following
manner. The k particle of wgight W has an initial direction

A . - o
spﬁc1f1ed by the unit vector & (vok,®Bok) Where vyox = cos 8ok = vo
+ N (1 - vo)> and the azimuthal angle 9, = 0° . The particle is
assumed to start at the source (Z = -8) and intersects the cylinder at
the coordinates,

XOk = S tan eok
Yok =0
ZOk = 0,

and at a radial distance from the Z-axis given by

Tok Xok
First, the probability of the particle escaping the cylinder without a
collision is calculated. This probability is determined in one of two
ways, according to whether (1) the uncollided particle escapes the end
at Z = Zp, or (2) the uncollided particle escapes the side. In order
to choose the correct case, the boundary relationship

S+ 2
cos BZ =
T R2 4 (5+ 2)2

is used (Fig.2). If vok > cos 8Z; , the particle escapes as in

case (1); otherwise, it escapes as in case (2). The treatment of the
two cases follow

Case 1: The probability of the kth particle escaping the end without
a collision is given by

P . 3 eXP [;Z(EO) Z, sec eok]

The radial coordinate at which this particle would exit the end of the
cylinder is

R.= (S+ 2
- (S + Z) tan eok

Consequently, the uncollided contribution of the kth particle is
recorded in the appropriate range (Ri - Rj-;) which contains Ry .
The uncollided number current and flux for the kth particle is given by
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I - wo Pok particles
oki M cm® - sec

i
F _ wo Pok pag;icles
oki cos O _NA, \cm® - sec
ok i

where AA., 1s the differential area ( AA = nRZ/10) and the index i
connotes the radial range (R, = R, ).

Case 2: The probability of éscap}ﬁé the side without a collision is.
given by -

- R _ S
Pok T exp 2 (Eo) [ sin 9 cos 6 j}
ok ok

The Z-coordinate at which this particle would exit the side of the
cylinder is given by

ZU = R cot eok - S .

Consequently, the uncollided contribution of the kth particle is
recorded in the appropriate range (Zj - Zj-l) which contains Zy . The
uncollided number current and flux for the kth particle is given by

W P ,
3 _ -0 ok particles
ok j ASj cm® - sec

W P .
F _ -9 ok particles
okj sin 9 -AS, cm® - sec ’
ok i

j hZﬁR zp/10). After
the uncollided transmission is estimated for the k® particle, the
distance, d , to the first scattering point is found as follows:
1
Z(EO)

|

where ASj 1is the differential surface area (AS; =

d = - In £

where £t is a random number between O and 1. The rectangular coordimates
at this first collision point are given by

X X, +d sin eok cos ¢ok’

1k ok
Ylk = YOk + d sin eok sin g 1>
Zlk = Zok + d cos eok s

and

2 2 2
LTRSSV
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If either r%k >RZ, Z K > Zp, or Z kS 0 , the particle has escaped
the cylinder and the glstory is tetrminated. If the particle does not
escape, the direction of scattering and change in energy is found in
the same manner as described in Section I. The spherical coordinates
of the new direction vector ﬁak are given by

gy = €OS elk = VgH * 1/& - uz “V& - Uoi cos ¥

V1 - v

sin elk
cos ¢,, = cos o Cosop - sin 4 sin 24

sin ¢1k = sin ¢ok cosAg + cos ¢0k sin Ad .

At the coordinates (X1, Yik» Z1x), and for the new direction
v (v1k, P1k) of the particle, the probability of escape is again
determined. The symmetry of starting from the Z-axis is now destroyed
and the calculation proceeds as follows. If the value of cos 8y >0
the distance from the point (Xqyg, Y1 Zlk) to the plane defined by
Z = Zy is given by

Z, 6 -2
D= L1k , cos B8,, > 0 .
cos 6 - 1k
1k
If cos le < 0, the distance to the plane Z = 0 is given by
Zlk
D = m———m—— cos 6., < 0 .,
lcos le [ 1k

Next, the coordinates of the intersection of the vector ﬁak with
either the plane Z = Z; OT Z = 0 are found:

P
"

5 Xlk + D sin le cos "Ik

o]
1

D Y1k + D sin elk sin ¢1k

and R 2 - XD2 + YD2

If R Z < RZ, the directionﬁ)1 will intercept one end of the cylinder
and the probability of escape ¥n the direction ﬁak is

P1k = exp[- Z(El) D] .



Then, according to whether cos 6y, 1is positive or negative, the
transmitted or reflected number current is recorded in the radial
range (Ri - Ri-,) which contains Rp . Thus,

3 wo Plk particles
1ki =~ A, cm® - sec

1

F wo Plk Earticlesj)
1ki — -sec

cos elk AAi cm

)

|
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If the particle escapes the side of the cylinder (Rp® > RZ), the

following procedure is used. The value of D 1is recalculated and
becomes the distance from the point (X1k, Y1k, Zik) to the surface

X2 + Y2 = R2 ip the direction defined by O]k . In order to find D,

it is expedient to define the direction cosines of the vector ﬁik .

Thus,
cos ¢ = 8in elk cos ¢1k
cos B = sin 8, sin ¢1k
cos M = cos elk
Now the distance D to the surface X2 4+ Y2 = RZ can be founa by

solving the following system of four equations for D:

% = X1k
cos @ = —p———
- Y
Yp " Y1k
COS&:f-E————
Zy = 21y

2 _x2 2
R= = XD + YD s

where Xp, Yp, Zp, and D are variables. The solution of this system

of equations gives

sin elk

1k
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where
A= Xlk cos ﬁlk + Y1k sin 21k
and
2 = 2 2
e T F e P Vg
Also,
ZD = Z1k + D cos le 5
XD = X1k + D sin elk cos ¢1k
and YD = Ylk + D sin elk sin ¢1k s
where X2 + Y2 = R® . From the foregoing, it follpws that the first
scatter contribution to the number current of the k  particle is given
by
I - Wy exp [;Z (El)é] particles
1kj ASj cm? -sec
This quantity is tabulated in the appropriate interval (Z; - Zj'l )

given by Zp above. 1In order to calculate the number flux, it 1is
necessary to find the angle, Oy, that the unit vector {1y makes with
the surface normal at (XD, YD, ZD). The cosine of the angle ON is
given by the vector equation

-

2 . R

1k _
—_'T_ = cos O

N
The R is the vector of the surface normal and its direction is defined
by the points (0, 0, Zp) on the axis and_JXD, Yp, Zp) on the surface of
the cylinder. The direction cosines of R are given by

cos Oh =Rr
YD

cos BR = E_—-

cos yp = 0

consequently
cos & cos Op + cos B cos BR + €08 y COS yp = COS eN

Substituting the values of the direction cosines in the above equations,
the following value of cos GN is found:
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sin le
cos GN - — (XD cos ¢1k + YD sin ¢1k).

T scattered number flux contribution from the first scatter of the
k™ particle is now given as

. ) WO exp [-Z(El) DJ
1kj cos QN - AS

j
This quantity is tabulated in the appropriate interval (Z, -Z, )
given by Zp above. S

The next step is to determine the distance to the second scattering
point, d = -1n £/ (E1), and continue as before, using the same steps
as given for the first scattering event. This procedure is repeated
until the particle either escapes the cylinder or else is degraded
in energy below a cutoff energy En . The final estimates of the
number current and flux are the sum of the contributions from all the
N histories and their individual scattering events. For, example,

letting s connote the sequence of scattering of the kth particle,

N
_r i
<F1‘>_ k= s ki
or N

<Fi>= E;l 2:s Fskj i

gives the final estimate of the number flux transmission for either

the ith radial interval at the ends of the cylinders or the g surface
interval gn the sides. The value Fgki is zero unless the sth scatter

of the k© history is directed toward the area defined by i . A similar
statement applies to the FSkj

The energy deposition rates are calculated in a manner similar
to that for slab geometry. Thus, the total energy deposition rate from
n collisions in a differential volume Avij is given by

L, [rmvrcn -aec]
Qij 0 (Wo AEn)/A Vij MEV/cm® -sec | .
In the foregoing discussion, the transmitted energy current and the
energy flux are calculated in the same manner as described in the

section on slab geometry (i.e., multiplying the differential number

current or flux term by the energy E_, . oOr Eskj)'
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In the present computer code, options are available for path
length biasing similar to those described for the plane geometry.
However, the likelihood of premature escapes are much greater than
in the slab geometry and a study of the biasing effects should be made
before extensive calculations are performed. All production runs
have been made with at least 10,000 particle histories. The running
time for the cylindrical geometry calculations on the IBM 7090 is
about 1.3 minutes per thousand histories. Some results of these
calculations are given in parts B and C. Because of the intricate
details available from the cylindrical Monte Carlo calculations there
are presented only thirteen calculated cases for both neutrons and
gammas. A larger set of combinations of cases is needed but can be
better chosen at a later date when a more definitive application arises.
Also, it is intended that the geometry be modified so that cylinders
with elliptical ends may be considered.

B. RESULTS OF NEUTRON TRANSPORT

A summary of energy data for neutrons incident on liquid
hydrogen cylinders is given in Table XXV. An interesting point is that
94 to 977 of the incident energy is absorbed in the hydrogen cylinder
for all six cases examined. Figure 17 illustrates the heat deposition
from 3 Mev neutrons in a liquid hydrogen cylinder as a function of
both depth and radial distance from the axis of the cylinder. These
data are taken from one of the computer printouts described below.

Computer Printouts: The first twelve pages of the computer
printout present six cases for neutron transport in hydrogen cylinders.
All six cases are for cylinders of five mean free paths length (Fig. 16).
The description of the computer data is given in the "Key to IBM Print-
outs" which follow Fig. 18.

C. RESULTS OF GAMMA RAY TRANSPORT

Table XXVI presents a summary of gamma energy data taken
from the last 14 pages of the IBM printouts. Figure 18 illustrates
typical results obtained for gamma ray heating in hydrogen cylinders.
This figure creates a question about the shape of the heating rate
curves at the greater depth (Z> 20 feet). It is not certain whether
the convexity is due to deep penetration effects or to insufficient
statistics at these depths. This trend appears to be energy dependent

(i.e., the more energetic initial photons are likely to show this convexity

at deep penetrations). The explanation for this may be that since the
scattering of a high-energy photon results in a greater energy loss,
it subsequently possesses a comparatively larger mean free path.
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Computer Printouts: There are fourteen pages representing seven
cases of gamma ray transport in cylinders. The description of the
output is the same as that described for the neutron transport except
for the transmitted gamma angular distribution. Also, the case for
the 2.23-Mev gammas is different in two respects from all the other

calculations:

(1) the source is taken essentially on the cylinders end
(depicting a point source at a surface); and

(2) the layer thicknesses ( A Z) are chosen to be exactly
three feet, resulting in a total length of 5.301 mean

free paths for the cylinder.

The table giving the "Transmitted Gamma Angular Distribution'
(Mev/cmg—sec-ster) in the gamma ray printouts is essentially the same
quantity discussed in Section I, part C, for slab geometry under "Angular
Distributions." The only difference is that 1n the cylindrical geometry
the uncollided and scattered transmissions are added together rather
than differentiated as in the slab geometry. Note that the cos & in-
tervals on the printouts are indicated by the upper limit only; thus,

1.0 represents the interval from 1,0 to 0.9.
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